Infant color vision is poor, and most psychophysicai experiments agree that infant color vision emerges between ages 3 weeks and 3 months. Presumably, the color vision of infants is poor during the months immediately after iit has emerged. We have tested two alternative explanations for the poor color vision of infants: (1) there is a special critical immaturity within the color pathways of infants; (2) infants have poor infant color vision because they are insensitive to contrast. Luminance and chromatic contrast thresholds were measured on 3-month-olds using optokinetic nystagmus (OKN), and adult luminance and chromatic contrast thresholds were measured using OKN and two forced-choice methods: direction-of-motion discrimination and grating detection. The infant chromatic-to-luminance contrast threshold ratio shows that infants are as sensitive or even more sensitive than adults to color, depending on the testing method used on adults. This result suggests that the general contrast insensitivity hypothesis is correct. Conservative "worst-case" quantitative analysis strongly suggests that this result is not the consequence of a luminance artifact.
INTRODUCTION
There is now considerable evidence that most infants under the age of 3 weeks do not have color vision (reviewed by Brown, 1990) , whereas studies involving psychophysical and electrophysiological experiments concur that normal 3-month-olds do have color vision. In forced-choice preferential looking (FPL) experiments, individual infants under age 3 weeks generally do not demonstrate the ability to make any discriminations based on color only, if lLuminance cues are properly controlled for. An exception to this rule is that 3-weekolds can discriminate between long-wavelength ("red") and middle-wavelength ("green") light, probably by comparing rod and cone signals (Clavadetscher, Brown, Ankrum & Teller, 1988) . About half of the 2-month-olds and all the normal 3-month-olds who have been studied in published FPL experiments are able to make at least some discriminations based on stimulus spectral composition rather than on luminance. Similar results have been reported using the optokinetic nystagmus (OKN) method (Teller & Lindsey, 1993a, b) . In a departure from other psychophysical results, a recent article shows that, if testing is done quickly, most newborns can also discriminate between long-wavelength ("red") and white light (Adams, Courage & Mercer, 1994) , and color vision can be demonstrated for other colors in about 25% of newborn infants. In that study, essentially all 3-month-olds showed evidence of color vision. The picture for the visually-evoked potential (VEP) of the electro-encephalogram is less clear-cut. Allen, Banks and Norcia (1993) report one 2-week-old, three 5-week-olds, and 10 5-8-week-olds with color vision; whereas Morrone, Burr and Fiorentini (1990) report color vision in only two out of a group of seven infants aged 4-7 weeks. Infants older than 7 weeks, however, clearly do have color vision when they are tested using VEPs. The disagreement about younger ages may be the result of individual variability and the small number of individual infants who have been studied.
The possible lack of color vision in infants at birth is in contrast to their clear ability to make discriminations based on luminance. The luminance vision of neonates is demonstrated by the fact that visual acuity has been measured psychophysically in the first days of life (Brown & Yamamoto, 1986; Dobson, Schwartz, Sandstrom & Michel, 1987) and, using the VEP, starting at age 2 weeks (Norcia & Tyler, 1985) . Contrast sensitivity can also be measured in the first weeks of life (Atkinson, Braddick & Moar, 1977; Banks & Salapatek, 1978 , 1981 Norcia, Tyler & Hamer, 1990) , and contrast discrimination thresholds between high-contrast stimuli differ from their adult level by only a factor of about 4 in infants in the 7-9 week age range (Stephens & Banks, 1987; Brown, 1994) . This is to be compared to the factor of about 50 difference in their contrast detection thresholds.
In the first years after the poor color vision of infants was discovered, there was much discussion as to what critical immaturity within individual receptor mechanisms or within the color channels of the visual system is responsible (Pulos, Teller & Buck, 1980; Banks & Salapatek, 1983; Bornstein, 1985; Werner & Wooten, 1985a, b; Varner, Cook, Schneck, McDonald & Teller, 1985; Brown & Teller, 1989) . More recently, it has been pointed out that perhaps no special immaturity within the color system is required to explain why luminance contrast sensitivity emerges before chromatic contrast sensitivity (Banks & Bennett, 1988; Brown, 1989 Brown, , 1990 Teller & Lindsey, 1993a, b) . The reasoning behind this point is discussed in the next section.
Chromatic and luminance contrast sensitivity
Chromatic contrast can be expressed in two ways. First is in terms of the luminance contrast of the light components of the stimulus ("physical contrast"). For example, a pattern of red and green alternating square-wave stripes has 100% physical stimulus modulation if the red stripes are composed purely of the red primary light and the green stripes are composed purely of the green primary. The second way of expressing contrast is in terms of the modulation of the cones ("cone contrast"). Again considering the red-green stripes, the middle-wavelength sensitive (M) cones are excited more by the green primary than by the red primary, but both primaries excite the M cones to some extent. Therefore, the modulation of the M cones is considerably less than 100%. A similar observation applies to the long-wavelength sensitive (L) cones. For example, a maximum of only about 14% and 32% L and M cone contrast can be obtained using the red and green isoluminant stimuli produced with a physical contrast of 100% using a color television monitor (see Mullen, 1985, Appendix; Stromeyer, Cole & Kronauer, 1987, Figs 9 and 10, for discussions of this issue). On the other hand, physical and cone luminance contrast are always equal, and luminance cone contrasts at or near 100% can be realized easily. *It is of course possible that there are several critical immaturities that are responsible for the poor color vision of infants, and that some of these may have disappeared by the age of 3 months. However, this question cannot be addressed using psychophysical methods because data cannot be obtained reliably on these younger infants. VEP data are equivocal on this point, as discussed above (cf. Morrone et al., 1990 and Allen et al., 1993) .
Let us suppose for the moment that we have chosen a spatiotemporal stimulus in such a way that luminance and chromatic cone contrast thresholds are equal throughout life. Under that supposition, there would be an age range over which an above-threshold luminance contrast can be attained, but the threshold cone contrast corresponds to a physical chromatic contrast that is over 100%. During that period, infants would be colorblind. According to this view, color vision emerges as the chromatic cone contrast threshold improves to the point where the corresponding physical chromatic contrast threshold falls to below 100% and becomes attainable using real lights. Therefore, the premise that physical luminance and chromatic contrast thresholds are proportionately higher in infancy implies that there must exist an age range over which infants are capable of luminance contrast detection, but show no evidence of color vision.
The next step in the argument is to observe that uniformly large Weber fractions for any stage of visual processing, anywhere from the cones themselves all the way up the visual pathway, would produce proportionately reduced luminance contrast sensitivity and chromatic contrast sensitivity. The uniformly large Weber fractions could occur because of some generalized immaturity that applies equally to each photoreceptor type. The critical immaturity could also occur anywhere along the visual pathway, e.g. visual signals could be uniformly weak or there could be a large amount of intrinsic or contrast-dependent noise that applies equally to luminance and color (Brown, 1994) . The critical immaturity could also be a high psychophysical criterion at the final decision stage of visual processing (Brown, 1989 (Brown, , 1993 Teller & Lindsey, 1993b) . Regardless of the anatomical, physiological, or psychophysical explanation, the result of this analysis is that the "MacAdam Ellipsoids" (Brown & MacAdam, 1949) should be allometrically enlarged for infants compared to adults. These predictions are all derived from the line element theory of color space (reviewed by Wyszecki & Stiles, 1982, pp. 654-689) . Several authors have suggested that this is in fact the case for newborn human infants (Banks & Bennett, 1988; Brown, 1989 Brown, , 1990 Teller & Lindsey, 1993a, b) .
The purpose of these experiments is to test that hypothesis. The specific prediction is that if infants have poor color vision only because their Weber fractions are uniformly worse than those of adults, then the ratio of their chromatic to luminance contrast thresholds (their C/L ratios) should be identical for adults and infants who are just barely old enough to have color vision (Brown, 1990; Morrone et al., 1990) . On the other hand, if the critical immaturity is specific to the color channels of the visual system, then the infant C/L ratio should be larger than the adult C/L ratio.*
History of investigations of th& predication
The hypothesis that infant color vision is more immature than infant luminance contrast sensitivity has been tested using VEPs by two laboratories. Morrone et al. (1990) measured VEP chromatic and luminance contrast sensitivity as a function of age. Their red-green chromatically modulated stimuli had constant luminance according to separate data on their subjects (see below). Morrone et al. reported that VEP sensitivity to luminance contrast and chromatic contrast mature at slightly different rates over the first 4 months of life, with the chromatic contrast sensitivity starting out relatively poor, and improving about 1.22 times as fast (on log-log coordinates). This in turn suggests that some special immaturity in the chromatic channels of the visual system differentially reduces chromatic contrast sensitivity, as opposed to luminance contrast sensitivity, in very young infants. On the other hand, Allen et al. (1993) have recently calculated the ratio between luminance and chromatic contrast sensitivity from the Morrone et al. (1990) data set, and found no significant variation in that ratio over the age range from 1 to 9 months [see also Fig. 6 (A) of this paper]. Allen et al. (1993) also report new chromatic and luminance contrast threshold data of their own (Allen, Banks, Norcia & Shannon, 1990; Allen et al., 1993) in which chromatic contrast threshold was measured as a function of R/(R + G), the fraction of red contrast in the red-green grating. For all the VEP data, Allen et al. (1993) report that the C/L threshold ratio is about 2;:1.
A psychophysical investigation of this problem was reported by Teller and her colleagues (Teller & Lindsey, 1993a, b; Teller & Palmer, 1995) . In that experiment, infants and adults viewed two superimposed cosine gratings that moved horizontally in opposite directions. One was a luminance grating, which had a fixed contrast of 15%. The other was a high-contrast red-green chromatic grating whose red:green modulation ratio varied from trial to trial. The dependent measure was the fraction of trials in which OKN followed the luminance grating, followed the chromatic grating, or did not occur at all. The goal of the experiment was to find out whether, at the isoluminant red:green ratio, the chromatic grating and the luminance grating had equivalent contrast -~,s defined by OKN performance. Teller and her colleagues reported that the equivalent achromatic contrast of their red-green isoluminant stimulus is the same for infants and adults. However, their data are open to several interpretations, partly because of the three-category response method, and partly because the ,experiment involved a small number of infants and a small number or trials per infant.
Because of the opposite conclusions arrived at by the two VEP studies, and because of the indeterminate results of the psychophysical study, we believe that the relative contrast detection thresholds of infants and adults for luminance and chromatic gratings is still an open question. We have done an experiment to find out whether chromatic and luminance contrast sensitivity stand in the same relationship in infancy as in adulthood.
Overview of our experimental strategy
A long-appreciated difficulty in performing an experiment of this sort is that it is not at all easy to measure the chromatic contrast threshold in infants. The problem is that the components in the chromatic stimulus must be accurately matched in luminance. Under isoluminant conditions, the color stimulus contains no residual luminance modulation, so any significant response to it must be mediated by the subject's color vision. However, if the stimuli are not quite matched, the subject's responses may be governed by sensitivity to an unwanted luminance artifact. The investigations of infant chromatic sensitivity that have been reported before now use one of three strategies, each of which has its disadvantages.
One strategy for dealing with this problem is the brute-force method, in which the stimulus is composed of a luminance-modulated red grating plus a luminancemodulated green grating, superimposed upon one another in spatial antiphase. In such an experiment, the sum of the space-time averaged luminances and the luminance contrasts of the red and green gratings are held constant. Both red and green gratings are modulated at 100% contrast, and contrast detection threshold is measured as a function of R/(R + G) ratio, that is, the fraction of red contrast in the red-green grating. Such an experiment allows both the fraction of red at the isoluminant match between the red and green gratings, and the chromatic contrast detection threshold at isoluminance, to be obtained simultaneously on each subject. This strategy has successfully been used in a VEP experiment (Allen et al., 1993) , but it is not suitable for psychophysical experiments because of the prohibitively large number of trials required. A second strategy (e.g. Teller & Lindsey, 1993a, b) is to measure the percent correct performance as a function of the red:green ratio so as to obtain a performance score at the isoluminant point for each subject. This second strategy has two disadvantages: it is hard to deconfound individual variation in the isoluminant point from measurement error when the number of trials is modest (see Clavadetscher et al., 1988) , and chromatic contrast threshold is not measured. For VEPs, a third strategy is available (Morrone et al., 1990; Morrone, Burr & Fiorentini, 1993) . The VEP amplitude can be measured as a function of R/(R + G) at constant luminance (as defined by Va or the subject's own luminous efficiency data) to determine the equiluminant point, in an experiment analogous to the psychophysical method. Then contrast threshold can be measured for luminance modulation, at the equiluminant point determined in the same experiment. Like the first strategy, this method is far too time-consuming for use in psychophysical experiments.
We have chosen a fourth strategy for dealing with the isoluminance problem. In Expt 1, we used motion photometry (Cavanagh, MacLeod & Anstis, 1987; Maurer, Lewis, Cavanagh & Anstis, 1989; Teller & Lindsey, 1989) to estimate the population isoluminant points between red and green gratings in infants and in adults. We report extensive descriptive statistics on the psychometric functions upon which those measurements are based. In Expt II, we measured chromatic and luminance contrast sensitivity in infants using OKN, and we measured chromatic and luminance contrast sensitivity in adults using OKN and two psychophysical techniques. We used the data from Expt I to select a single isoluminant red:green ratio to measure the infant and adult chromatic contrast thresholds. We then used conventional statistical techniques and the data from Expt I to test and reject the hypothesis that the chromatic contrast detection thresholds measured in Expt II were due to residual luminance modulation.
Infant and adult chromatic and luminance contrast sensitivity were similarly related when the adult simple contrast detection data are used for the comparison. When adult direction of motion (DOM) discrimination data or OKN data are compared to infant OKN data, infant color vision is a bit better than what would be predicted from the adult data. Furthermore, the chromatic-to-luminance ratio for the infant OKN data in our experiment agrees quantitatively with those reported in the VEP literature (Morrone et al., 1990; Allen et al., 1993) . We therefore conclude that no special immaturity in the color channels is required to explain the poor color vision of 3-month-old infants.
EXPERIMENT I
The purpose of Expt I was to establish a luminance match between the red and green phosphors for infants and adults in our laboratory.
Methods

Stimuli
The cosine grating stimuli were presented on a Mitsubishi 18 in. video monitor using a VENUS stimulus generating system (Farmingdale, N.Y.). The stimulus display was square and subtended 52 deg v.a. Each experimental stimulus consisted of superimposed red-black and green-black cosine gratings which were modulated at 0.31 c/deg and drifted horizontally in opposite directions at 15.5 deg/sec. Subjects viewed the monitor from a distance of 30 cm, and the equivalent temporal frequency was 4.8 Hz.
Calibrations
The linearity and luminance of the monitor were checked daily using a UDT photodiode. New lookup tables were generated as necessary to keep the total harmonic distortion below 1%, and the r.m.s. deviation from linearity below 0.25% for each gun. All contrast calibrations were verified under experimental conditions using a Pritchard Spectra photometer; the r 2 of the deviations from linearity of the actual contrast as a function of nominal contrast was always less than 0.0005. A Pritchard 701b-PC spectral photometer was used to make the color calibrations.
The C.I.E. coordinates and average luminances of the phosphors were: red, x = 0.494, y = 0.338, luminance = 16.8 cd/m2; green, x = 0.320, y = 0.513, luminance = 29.4 cd/m2; blue, x = 0.222, y = 0.158, luminance =4.8cd/m 2. Average total luminance was 51 cd/m 2. The chromaticity of the screen, averaged over time and space, was held constant at x =0.307, y --0.290 throughout this experiment. This was achieved by holding the space-time average luminance of all three guns contant at 50% of their maximum values. Red gratings were created by modulating the red phosphor at a fixed value of 90% contrast, as calculated by dividing half the red modulation amplitude by the average luminance of the red phosphor. The luminance contrast of modulation resulting from modulation of the red phosphor, with the other two phosphors held at their average values, was 24.8%; this figure was arrived at by dividing half the modulation amplitude of the red phosphor by the space-time average total luminance of all three phosphors taken together. Green gratings were created by modulating the green phosphor at a variable contrast; the green grating had a calibrated luminance contrast of 23.2%, with the red and blue contrast held at their average values, when the green gun itself was modulated at 40% of its maximum value. The blue phosphor of the monitor was continuously "on" at 50% of its maximum luminance, but was not modulated.
Subjects
Twenty-five 12-week-old and 11 7-week-old infants were selected from our infant subject pool. At the start of testing, all infants were within 3 days of their 7th or 12th week birthdays, and all sessions were completed before their 8th or 13th week birthdays. All infants were healthy at birth and at the time of testing, and had been born within 10 days of due date, by parental report. All but one of the infants were given a careful optometric evaluation, and were found to have straight eyes, no history to suggest a risk of strabismus, and visual acuity and refractive error within the normal range for their age. The subject pool included both males (seven 7-weekolds and 12 12-week-olds) and females (four 7-week-olds and 13 12-week-olds); the parents of all prospective subjects were questioned closely, and no infants with known or suspected color vision deficiency in the mother's family were included in the study. Nine of the 7-week-olds (82%) and 21 (84%) of the 12-week-olds were counted as successful, because they gave more than 10 trials per data point and the observer's performance was over 85% correct for the "easy" stimulus. Failures were attributed to sleepyness, fussyness, or refusal to accept the pacifier.
Ten healthy adult subjects were recruited by word of mouth. All were under 40 yr old and had a visual acuity of at least 20/20 with refractive correction. Each was given a full optometric examination, and was found to be normal under the same criteria established for the infants.
Experimental design and procedures
The red-black grating was always at a contrast of 90%. The green-black grating was presented at one of five different contrast values. An "easy" stimulus, which was a single yellow-black grating at 100% contrast, was also presented. Each block of trials consisted of one of each of these six stimuli (five experimental stimuli plus one easy stimulus), in random order. An average of 18 trials per infant per stimulus were collected (range: 10-60). Each infant's parent and each adult subject gave written informed consent before testing began.
Data were collected using the "OKN nulling" method of Teller and Lindsey (1989) . Three of the authors (AMB, DTL and EMM) served as observers and collected infant data in this experiment. Observers AMB and EMM held the infants themselves, and viewed the infants by means of a video system whose monitor was positioned just above the stimulating monitor. Feedback was provided after each trial, where "correct" and "wrong" were defined in terms of the adult point of subjective equality (PSE), which has been shown to be virtually identical to the infant PSE in previous experiments (Maurer et al., 1989; Teller & Lindsey, 1989) .
A screen prevented AMB and EMM from seeing the stimulating monitor directly. When observer DTL made the judgments, AMB held the infant. AMB used the monitor above the stimulator as a guide for the optimum positioning of the infi~nt's eyes. A second monitor displayed the same video image of the infant's eyes to DTL, who sat across the room with his back to the stimulus display; neither DTL nor AMB could see the stimulus display. No feedback of any kind was provided to DTL during the experiments. This arrangement was used for observer DTL because DTL was the observer in the Teller and Lindsey (1989) experiment, and we wished to duplicate the: procedure used by Teller and Lindsey as closely as possible. In particular, this arrangement eliminated any possible confounding effects of feedback and possible inaccuracies due to attending to both the infant's bodily state and the infant's eyes.
Adult data were collected using both psychophysical and OKN methods. The OKN data were collected by a method entirely analogous to the method used for infants. The adult subject sat with his/her chin in a chin rest at 30 cm from the screen. The observer (EMM or AMB) stood near the subject in such a position that she could not see the stimulating monitor, and judged the *We are grateful to Dr William Swanson for providing the program used for the analysis. We used the Weibull (or "Quick") psychometric function:
where P is the probability of OKN following the green grating, and a, fl and ~ are as described in the text.
VR 35/22--D subject's eye movements in the viewing monitor positioned just above the stimulator. Psychophysical data were also collected in an experiment where the subject indicated the DOM of the gratings.
Data analysis
The data were the percent of trials on which the OKN was judged to follow the direction of the green grating, as a function of the contrast of the green grating; recall that the contrast of the red grating was held fixed at 90%. Each infant data set was a psychometric function whose minimum was at or near 0% correct and whose maximum was at or near 100% correct. Each data set was fitted descriptively with a Weibull psychometric function (see Graham, 1989, pp. 164-166 ) using a maximum likelihood criterion.* The parameters ct (the 50% point), fl (the steepness) and 7 (the absolute value of the difference between the maximum and minimum percents correct and 100% and 0%, respectively) were allowed to vary freely for best fit. The parameters of interest in this report are ct and/~.
Results
The results of the present experiment on 12-week-olds showed the OKN method to be reliable across days and across testers. One infant was particularly cooperative, and was able to generate three 120-trial experiments in 3 days [ Fig. I(A) ], and the three resulting data sets agree nicely with one another. Two individual infants happened, by inconvenience of scheduling, to be run by two observers on different days [ Fig. I(B,C) ]; those data also agree closely across observers. Finally, the three observers' overall data may be compared [ Fig. I(D-F) ]. While the three observers differed in their maximum percent correct performance [ Fig. 2(C) ; F2,18= 13.98, P < 0.005], the fitted values of ct and fl did not differ significantly across observers [ Fig. 2(A,B) ; P > 0.10 in each case].
The 12-week-olds required 0.005 log units (SE = 0.026) less green modulation to match the red primary than would be predicted from V~, whereas adults required 0.001 log units (SE = 0.014) more green. Neither of these differences from the V~ match was statistically significant. If infants had been using only their foveal cones to make the luminance matches in this experiment, they should have required 0.13 log units less green than the V~ match (Brown, 1990, Fig. 6 ). This prediction arises from the fact that infant foveal cones have very short outer segments, and therefore presumably contain visual pigment in lower optical density than what is found in adult foveal cones. Lower optical density produces narrower cone action spectra, and therefore slightly lower relative sensitivity to long-wavelength light. The hypothesis that infants are 0.13 log units relatively more sensitive than adults to mid-wavelength light (and correspondingly less sensitive to long-wavelength light) can be rejected beyond the 0.01 level. This suggests to us that the extrafoveal retina predominates in this experiment, as extrafoveal cones are more adultlike morphologically in young infants (Hendrickson, 1993 ). This conclusion is perhaps not surprising, given the large size of the stimulus fields and the low spatial frequency of the stimuli.
The overall differences between the means of the parameters fitted to the 12-week-old and adult data sets were as follows [ Fig. 2(D-F) ]. Infant and adult ~ values differed by 0.007 log units, which was not statistically significant (t28 = 0.17, P > 0.5). However, the difference between the values of the upper asymptotes of infants and adults was 3.4%, which was significant (t28 = 3.52, P < 0.01). The slopes of the infant psychometric functions was fl = 1.77, and the slope of the adult psychometric function was fl = 7.31: this difference was highly statistically significant (t28 = 5.89, P <~ 0.001).
The difference in steepness between the infant and adult psychometric functions are further illustrated in Fig. 3 , where steep, shallow, and typical psychometric functions are shown for infants and adults. The difference in slope is conspicuous, it is clear in the individual data sets, and the magnitude and significance of the difference do not depend importantly on how the data are analyzed. We have tried fitting different shaped psychometric functions to the data, we have fitted lines to the rising part of the psychometric functions, and we have tried fitting the functions to subsets of the data. All methods of analysis have yielded this same conclusion: the psychometric functions of infants are shallower than those of adults under these conditions.
The measured ~t values of 3-month-olds were significantly more variable than those of adults [ Fig. 2(D) ; /'20,8 = 7.86, P < 0.001]. However, this does not imply a truly greater variability in their isoluminant points, but rather is probably the result of measurement error due to the fact that infant psychometric functions are shallower. When the infant and adult values of fl are taken into account by dividing each threshold by the corresponding value of fl, there is a non-significant trend for the adults to have higher variability in their isoluminant points (F8,20 = 1.61, P >0.25). A similar tendency for adults to have greater variability than infants in their isoluminant points is visible in the data of Teller and Lindsey (1989) . The psychometric functions for the 7-week-olds were comparable to those of the 12-week-olds (Fig. 2) . The average value of c~ was -0.014 (SE = 0.016) log units relative to the nominal V~ match; the average value of fl was 2.86 (SE = 0.23); the average value of 7 was 0.96 (SE = 0.002). Thus, the results on the 7-week-olds, while less extensive than the results on the 12-week-olds, were quantitatively quite comparable.
Comparison to other studies
The finding that infant and adult isoluminant points are very close to one another and to the predictions of V~ is in good agreement with the results of Maurer et al. (1989) and of Teller and Lindsey (1989) . Comparison between the data of the three observers; (D, E, F) comparison between the psychometric functions of 3-month-olds and adults. ~t, the 75% correct point on the psychometric function as defined by the WeibuU equation, is in units of log luminance contrast, normalized to the isoluminant point, fl, the steepness of the psychometric function, is unitless, and is expressed in log units. 7, the difference between the upper and lower asymptotes and 0% and 100% performance, respectively, is in linear probability units. Except for the colors of the stimuli, the methods used in this experiment were identical to those used by Brown (1994) to study luminance contrast discrimination thresholds using monochrome stimuli on 7-week-olds. That is, in both experiments the standard grating, which drifted in one direction was held at a constant fixed luminance contrast. The comparison grating, which drifted in the opposite direction, had a luminance contrast that varied from trial to trial. In both experiments, performance was measured as a function of the contrast of the comparison grating. The experiments differed in that the stimuli were monochrome in Brown (1994) , and the parameter of interest was the 75% correct point (from which the just-noticeable difference was estimated), whereas the stimuli in the present experiment had different colors, and the point of subjective equality (PSE) is estimated from the 50% correct point.
Because the experiments are similar in that the direction of motion is determined by the luminance contrast of the gratings, it is of interest to compare the values of fl obtained in the two studies. The values for fl from Brown (1994) and for the 7-week-olds in the present experiment did not differ significantly (t = !.10, n.s.). Furthermore, in Brown (1994) , as in the current experiment, the psychometric functions of infants were much less steep than those of adults (t = 2.14, P < 0.05). These results are in apparent contradiction with the results of Maurer et al. (1989) and Teller and Lindsey (1989) , both of whom reported that infant and adult psychometric functions are approximately equally steep. However, the methods in those experiments differ from ours in two ways. First, the other experiments were done with 3.3 and 5 trials per data point on the average, which would have introduced a bias in the direction of steep psychometric functions from binomial variability alone. Second, the speed of their gratings was 25 deg/sec, whereas ours was 15.5 deg/sec. We note that when the later results of Teller, Succop and Mar (1993) are plotted on the same axes as ours, they agree nicely with the present results. The Teller et al. (1993) results were obtained at 14 and 34 deg/sec, using 20 trials per data point.
In conclusion, we found that the isoluminant PSEs were very similar for infants and adults. At the infant PSE, the red and green phosphors produced 24.7% and 24.1% luminance contrast modulation respectively under our experimental conditions. Furthermore, the steepness of the psychometric functions for luminance contrast discrimination were very different for infants and adults, and did not depend on the color of the stimuli. Finally, the infant red:green ratios at the PSE were empirically more variable than those of adults, an effect which is likely to be entirely due to measurement error.
EXPERIMENT II
The main goal of these experiments was to find out whether the ratio between the chromatic and luminance contrast thresholds stands in the same ratio for infants and adults. In Expt II, those thresholds are measured using OKN in infants and OKN and two psychophysical methods in adults.
Methods
Isochromatic (luminance) contrast threshold and isoluminant (chromatic) contrast threshold were measured on infants and adults. Infants were tested using the OKN method, in which the grating contrast was found that was just sufficient to produce OKN in the test grating direction on 75% of trials. Adults were tested using OKN, a psychophysical two-alternative forced-choice (2IFC) detection method, and a psychophysical DOM discrimination method.
At first, we attempted to do this experiment at the same space-averaged luminance and chromaticity as we used in Expt I. That is, we held the red, green and blue phosphors at an average value of 50% of their respective maxima and produced the luminance and chromatic gratings by modulating only the red. and green phosphors. This resulted in rather desaturated gratings, and none of the pilot infants tested in this phase of the experiment performed significantly better than chance at 100% physical contrast of the red and green gratings. Therefore, we removed all the "d.c." desaturant from the stimulus: we turned off the blue phosphor altogether, and we reduced the mean luminance (but not the modulation amplitudes) of the red and green fields in such a way that when the modulation amplitudes of the red and green stimuli stood in the same ratio as at the PSE in Expt I, their modulation contrasts were each at 100%. The use of flicker photometry on adults is based on the premise that even quite large changes in the space-tirae average chromaticity of the fields have minimal effect on the isoluminance point. Furthermore, Teller and Lindsey (1989) used a greenish average field to measure the luminance of the green primary and a reddish average field to measure the luminance of the red pnLmary, both using motion photometry on both infants and adults, and their results are very similar to ours. Finally, a pilot experiment on adult vision showed that only 0.026 log units (6%) more green modulation was required for isoluminance when the blue field was present than when it was not. Considering all these issues, we believe that eliminating the blue field had entirely negligible effects on the isoluminant point in this experiment.
Stimuli
Isochromatic, luminance stimuli were yellow-black gratings, and the isoluminant, chromatic stimuli were red-green gratings. At 100% chromatic contrast, the red-green stimuli were generated by sinusoidally modulating the luminance of the red and green television phosphors at 0.2 c/deg, at 100% luminance contrast; the red and green modulations were at 180 deg of relative spatial phase. The viewing distance was 40 cm, and the screen subtended 40 deg v.a. The grating moved at 12 deg/sec, which produced an equivalent flicker rate of 2.4 Hz. The space-time average luminances of the red and green phosphors were adjusted to be equal at 18.75cd/m 2. This adjustment was made on the basis of the results of Expt I. At isoluminance, the cone contrast was 14.2% and 32%, for the L and M cones, respectively. Other chromatic contrast values were presented at the same space-averaged luminance, only at lower modulation values. The isochromatic (luminance) gratings were produced by using the same red and green gun parameters, only shifting the modulation of one of the guns laterally to be "in phase". Thus, the spaceaverage luminance and chromaticity of the luminance and chromatic stimuli were identical. The luminance was held constant at 37.5 cd/m 2 throughout the experiment; at this luminance value, ;previous research on infants has suggested that rod intrusion is minimal (Brown, 1990 , Fig. 4) . The room was darkened throughout all experiments. Stimulus duration was 2 sec in the adult psychophysical experiments (2IFC and DOM), and was as long as necessary for the observer to make her judgment (generally under 2 sec) for the OKN experiment.
Stimuli for use on adults were presented using the VENUS apparatus using modulations that were never below 2% for either of the monitor guns, in order to remain within the range of the calibrations. Additional contrast reduction was obtained by mounting a diffuser made of translucent drafting plastic at a distance of 14 cm from the screen.
The stimuli in the infant and adult OKN experiments and the adult DOM discrimination experiment were presented in a single interval paradigm. The subject indicated the direction of apparent motion by reflexive OKN eye movements, or by indicating the direction by pressing a button in the case of the adult DOM experiment. In the adult 2IFC experiment, stimulus sequences consisted of two 2-sec intervals, delineated by a 1 deg dia black fixation stimulus which was presented for 1 sec before and after the sequence and during the 1-sec interstimulus interval. Subjects indicated whether the test stimulus was in the first or second interval.
Calibrations
The calibration procedures for this experiment were identical to those in Expt I. The contrast reduction introduced by the diffuser was a factor of 28; it was calibrated by measuring the contrast with and without the diffuser in place using the Pritchard Spectra photometer.
Subjects
Nineteen 12-week-old infants and nine adults were recruited as described for Expt I; a parent of each infant gave written informed consent to participate in the experiment, and the adult subjects gave their own written informed consent, before each subject's first experimental session. Eighteen infants were successfully tested, and gave an average of 121 trials per psychometric function and 25 trials per data point. One group of nine infants contributed data in the luminance condition, and a different group of nine infants contributed data in the chromatic condition (one infant in each group failed to produce a useable data set). In addition, pilot data were collected on 10 infants; those data were incomplete because we attempted to measure data under both conditions within subjects within the 3-day testing period, and never succeeded in doing so. The data on those pilot infants were quite comparable to those obtained in the main experiment.
Procedures
Infant testing procedures were similar to those reported in Brown (1994) . Briefly, the infant subject was held in front of the stimulus monitor by an adult observer (EMM or AMB). The subject's right eye was viewed using a video camera and displayed on a viewing monitor mounted just above the stimulating monitor. A cardboard screen prevented the adult observer from seeing the stimulating monitor during a trial. Adult subjects sat with the chin in a chin rest and the eye 40 cm from the monitor, with the translucent plastic held on a frame in such a position that the subject saw the stimulating monitor through the plastic only. The room was darkened for all experiments.
High-contrast grating stimuli elicited OKN in both infants and adults. In the case of infant subjects, the adult observer's task was to judge, on each trial, on the basis of the infant's eye movements alone, which direction the stripes were moving. Stimuli were presented for as long as necessary for the observer to make a judgement. The stimulus sometimes ran for a minute or more if the infant was fussing: infants actually observed the stripes for only a few seconds on each trial. Distinctive auditory beeps after correct and incorrect responses provided feedback. The computer recorded the stimuli and responses and a psychometric function was generated, showing the observer's percent correct performance as a function of stimulus contrast.
In the case of adults, three separate procedures were used. In the OKN experiment, eye movement behavior was observed by EMM or AMB, just as it was for the infants. In the DOM discrimination experiment, the subject was forced to identify the direction of motion of the grating. In the 2IFC experiment, the stimulus was present in only one of the two intervals, and the subject 
Experimental design
Preliminary experiments established the range of stimulus contrasts to be used in each experiment. The assignment of conditions alternated across infants as the experiment progressed. Stimuli of different contrast were presented using the method of constant stimuli, using a randomized blocks design. Each block of trials under each condition included at least one 100% contrast isochromatic luminance grating, which was randomly intermixed with the other stimuli. The purpose of this "easy" stimulus was to estimate the maximum percent correct that the infant-and-observer team can produce for stimuli that are easy to see, and to verify that the infant and the observer were both cooperating in the task. In the event that more than a single "easy" stimulus was missed, the session was terminated. However, no subset of the data for any experiment was ever eliminated from the analysis.
For adults, the two types of stimulus (luminance and chromatic) and two psychophysical procedures (direction discrimination and 2IFC detection) were run in counterbalanced order; two different orders were alternated across subjects. The OKN data were collected after all the psychophysical experiments were completed.
Each psychometric function was fitted with a Weibull function using a least-squares criterion. Contrast threshold was estimated as the value of ~ and steepness was estimated as the value of fl from the best-fitting Weibull for each data set. Alternative methods of estimating contrast threshold such as linear interpolation yielded results that did not differ materially from those obtained using the Weibull fits.
Results
Representative infant and within-subject adult OKN data are shown in Figs 4 and 5. Infants had clearly shallower psychometric functions than adults. However, the slopes were similar for the two conditions within each age group (infant luminance fl = 1.26, infant chromatic fl = 1.53, t,6=0.463, P >0.5 for infants; adult luminance fl = 4.00, adult chromatic fl = 3.02, t3 = 0.765, P > 0.4 for adults). For 12-week-olds, the average log contrast threshold was -0.86 (SE = 0.06) for luminance gratings and -0.45 (SE = 0.06) for chromatic gratings. For adults, log luminance contrast threshold was -3.03 (SE=0.19) when tested using simple 2AFC detection, -3.00 (SE = 0.03) when tested using DOM discrimination, and -2.84 (SE=0.03) when tested using OKN. Adult log chromatic contrast threshold varied with technique. It was -2.45 (SE = 0.03) when tested using simple 2AFC detection, -2.19 (SE =0.02) when tested using DOM discrimination, and -2.05 (SE = 0.04) when tested using OKN.
Average log luminance contrast thresholds were similar for the two psychophysical methods for all adult subjects, whereas OKN luminance thresholds were higher (the data of AG are exceptional).* Average adult OKN thresholds for chromatic stimuli were also higher than psychophysical chromatic thresholds. However, the relation between luminance and .chromatic OKN thresholds was similar to the relation between luminance and chromatic DOM discrimination thresholds. When the chromatic thresholds measured using OKN and DOM discrimination for each subject are normalized to their respective luminance thresholds, adult chromatic OKN and DOM discrimination thresholds were comparable. Within the psychophysical data, simple chromatic grating detection thresholds were lower than DOM discrimination thresholds,~" even when all data are normalized to the corresponding luminance thresholds.
The logarithm of the ratio between the chromatic and luminance contrast thresholds (log C/L) is shown for infants and adults in Fig 6(A) . Log C/L was similar for adults in the two tasks in which the subject had to discriminate between leftward and rightward motion:
log C/L was 0.80 (SE=0.049) for OKN and 0.81
Adult log C/L was lower in the 2IFC grating detection experiment (log C/L = 0.57, SE = 0.035). The infant value of log C/L was 0.40 (SE = 0.079), measured using OKN. The infant value of log C/L was significantly different from the adult value when both data sets were generated using OKN (the difference was 0.40, SEdifferenc e = 0.093, P < 0.01). However, the infant OKN value of log C/L did not differ significantly from the adult value obtained for grating detection using 2IFC (the difference was 0.167, SEdifrerenee=0.086, P > 0.05).
The isoluminance problem
In collecting the chromatic contrast detection thresholds in Expt II, we break with tradition, and use only a single red-green isoluminant point for all subjects, infants and adults alike. We do this so that we can study infant performance as a function of chromatic and luminance contrast without having a prohibitively large number of stimulus conditions. We have taken care to assure that the red-green isoluminant point we use is the correct one in the sense that it is the average red-green isoluminant match for both infants and adults, as measured in our Expt ][. However, it behooves us to explore the possibility that the infants might have made "chromatic" discriminations on the basis of a luminance linear grating contrast . Data were collected using OKN (circles), and two forcedchoice psychophysical methods: direction of motion discrimination (triangles) and 2IFC detection (squares). Data are shown for the three subjects who were tested for all stimuli and methods. Stimulus contrast is shown as the contrast of the green gun of the video display, in linear units above each panel and in log units below each panel.
*Our adult luminance results were somewhat different from those of Leguire, Zaff, Freeman, Rogers, Bremer and Wali (1991) , who found that adult DOM discrimination thresholds and OKN thresholds were similar, and both were lower than "form" grating detection threshold. This difference is probably due to differences in methodology. tThis is the usual result for extrafoveal stimuli presented at low flicker rates (e.g. Lindsey & Teller, 1990; Derrington & Henning, 1993, Fig. 5 ). To our knowledge, this is the first report that adult chromatic thresholds measured using OKN are more similar to those measured using DOM discrimination than to those measured using a simple grating detection task.
artifact arising from use of the group-average isoluminant point, which is not necessarily the isoluminant point for each subject in the study. We deal with that issue here. The problem is that the measured luminance matches in Expt I were significantly more variable in infants than in adults. This difference in variance is almost surely due to measurement error introduced by the shallower slopes of the infant psychometric functions. As we showed in the Results section of Expt I, our data set provides no evidence for a true difference in variability between the isoluminant points of infants and adults, once the slopes of the psychometric functions of the individual subjects is taken into account. However, for the sake of argument, let us ignore the issue of measurement error, and assume that the SDs of the infant and adult isoluminant points in Expt I correctly reflect the distributions of true match points in infants and adults. In this section we will explore the possible impact of that hypothetical variability on the chromatic thresholds of infants.
In this analysis, we used the data on the chromatic and luminance thresholds from Expt II and the distributions of the isoluminant red-green matches from Expt I to estimate the chromatic threshold that would have been measured had each infant been tested with his own red-green match. We express the detection data using a threshold ellipse in color space, whose major and minor axes are group average chromatic and luminance thresholds, as illustrated in Fig. 7(A) . We express each possible isoluminant threshold as a vector in polar coordinates, whose angle corresponds to the red-green match point (horizontal means that the subject's match point was the same as the mean of the group) and whose radius is the contrast at detection threshold. For a given value of the true chromatic threshold [the one that would be measured if each subject's match point were at 0 deg from horizontal, shown as an open symbol in Fig. 7(A) , we estimated the value of the empirical chromatic threshold [the one that would be measured for a range of match points, shown as a solid symbol in Fig. 7(A) ]. To do this, we converted the distribution of match points from Expt I to polar coordinates [shaded region in Fig. 7(A) ], and multiplied the radius of each possible match point times its probability of occurrence. The estimated empirical threshold is the average of these products.
The first question is whether we have actually shown evidence of color discrimination in our 3-month-old subjects, independent of the fact that we already know from a large number of studies (reviewed in Teller & Bornstein, 1987; Banks & Bennett, 1988; Brown, 1990 ) that normal 3-month-olds have at least some color vision. To answer that question, let us begin by assuming that infants just barely fail to attain 75% correct performance for a 100% contrast color grating, if that grating were perfectly isoluminant for each individual infant. This means that the threshold ellipse falls in the shaded region of Fig. 7(B) . Applying the analysis outlined above, we predict that the artifactually generated chromatic contrast threshold would be 52% contrast or higher [it would fall in the range covered by the bold black arrow in Fig. 7(B) ]. That is, the infants for whom the red-green gratings are perfectly isoluminant would not be able to detect the grating, but those infants with isoluminant points that differ sufficiently from our settings would be able to detect the stimulus from variable combinations of chromatic and luminance modulation, that depend upon each infant's isoluminant point. We estimate that the average of all these threshold contrasts in the population of 3-month-olds would be 52% or higher.
In Expt II, the infants' chromatic contrast threshold was 36% contrast, which was significantly lower than the prediction (t8 = 2.66, P = 0.015). It is important to stress that a chromatic contrast threshold of 100% is the limiting condition for the definition of being without color vision: any other scenario in which infants do not have color vision would require an even higher chromatic contrast threshold, and would be even more different from our results.
The next question is. what are the true chromatic contrast thresholds for infants and adults. Our analysis can be extended to answer this question by applying the equations iteratively until the predicted value of the empirical chromatic contrast threshold agrees with the data from Expt II. The estimated values of the true chromatic thresholds were 0.16log units above the empirical chromatic threshold for infants [ Fig. 7(C) ] and 0.10 log units above the empirical chromatic threshold for adults [ Fig. 7(D) ]. The estimated true chromatic thresholds were significantly higher than the empirical chromatic thresholds obtained in Expt II (infants, t s = 3.21, P = 0.005, one-tailed; adults, t 3 = 3.14, P < 0.025, one-tailed). However, the estimated error in log C/L threshold ratio due to possible luminance mismatches was low, and was similar for infants and adults. The estimated chromatic-to-luminance ratios are shown by the eccentricity of the ellipses in Fig. 7(C,D) . It can be seen that the infant ellipse is less elongated than the adult ellipse, regardless of whether the empirical or true chromatic contrast thresholds define them. The corrected infant and adult log C/L ratios are shown in This conclusion is further reinforced by the fact that we have no evidence that the difference between infants and adults in the width of the frequency distributions used to estimate the population variances in isoluminance points is based on anything other than measurement error.
GENERAL DISCUSSION
These data corroborate the already large body of evidence that 3-month-olds have color vision, because all the infants in Expt II who were tested with isoluminant gratings performed at or near 100% correct for stimuli at 100% chromatic contrast. However, these data provide no evidence that a special immaturity in the retinal circuitry or other physiological mechanisms mediating color vision in infants is responsible for the poor color vision of infants. This is because the ratio between the luminance and chromatic contrast thresholds for infants was never larger than it was for adults. In fact, infant OKN chromatic contrast thresholds were significantly lower than adult OKN chromatic contrast thresholds, when both were normalized to their respective luminance contrast thresholds. Our conclusion that infant color vision is not selectively immature compared to infant luminance vision is similar to the conclusions drawn by Teller and Lindsey (1993a, b) and by Allen et al. (1993) .
The purpose of this experiment was to explore possible explanations for the poor color vision of infants. Therefore, it is interesting to note that if only infant and adult OKN data are compared, the infants in this study showed slightly superior color vision to adults, if the chromatic thresholds are normalized to the luminance thresholds. It seems unlikely to us that this would be due to an artifact produced by chromatic aberration in the optics of the eye, for reasons outlined by Allen et al. (1993) . While it does seem likely that the visual pigment in infant foveal cones is present at low optical density (Brown et al., 1987; Banks & Bennett, 1988; Banks & Crowell, 1993; Brown, 1993; Wilson, 1993) , this is probably not responsible for the slightly superior infant color vision, because there was no hint of reduced sensitivity to red light in the results of Expt I. The possibility that a luminance artifact might be responsible for this finding was entertained and rejected in a previous section. Other alternative explanations, such as possible immaturity of the cortical substrates for motion perception and color perception, are intriguing, but cannot be evaluated on the basis of these data sets.
Comparison with VEP data
It is instructive to compare our data with similar data published in the experiments of Allen et al. (1993) , Morrone et al. (1990 Morrone et al. ( , 1993 . Those comparisons are illustrated in Fig. 6(A) . The data from Allen et al. were obtained from the performance at the isoluminant point and the monochrome luminance-only points, both taken from Morrone et al. (1990) were obtained from their Fig. 3(A) . Their infant data were divided into three sections in Fig. 6 (A) because their infants were tested using three different flicker rates. The 5 7-week-old infants were tested at 2 Hz, 7-20-week-olds were tested at 3 Hz, and 20-35-week-olds were tested at 5 Hz. The adult data from Morrone et al. (1993) are for a single subject, taken from their Fig. 10 ; the flicker rate for that data set was 5 Hz.
The contrast threshold ratios for infants are quite similar for the three studies. Furthermore, the contrast ratios for adults are similar for the VEP data of Allen et al. (1993) and Morrone et al. (1993) , if the very large confidence intervals of the latter are taken into account. Both studies show slightly higher C/L ratios for their adult psychophysical data than for their adult VEP data, but, once again, the comparison involves only one adult subject in Morrone et al. (1993) and only two adult subjects in Allen et al. (1993) . Note that the data point for the very youngest infants in Morrone et al. is indicated with an arrow. This data point is the average performance of the two infants (out of seven infants tested) who showed a measurable response to the isoluminant stimulus in the Morrone et al. experiment, and the arrow indicates that the data point is a lower bound on the average C/L value. As discussed in the Introduction, it is unclear at this time why Allen et al. (1993) were able to obtain responses from all 14 of their infants over the 2-8-week age range whereas Morrone et al. (1990) were not able to obtain responses from five of their seven infants between ages 4 and 7 weeks.
The infant value of log C/L is about the same regardless of whether it is measured using VEPs or OKN, and it is close to the adult value obtained using methods that entail the simple detection of the gratings (VEP and psychophysical grating detection). Both the infant log C/L value and the adult log C/L value obtained using the simple detection task are considerably lower than adult values obtained using methods that require the appreciation of the direction of stimulus motion (OKN and psychophysical discrimination of the direction of motion).
This can be seen even more clearly in Fig. 8 , where the logarithms of the infant:adult threshold ratios for C/L are compared across studies and across techniques. In that figure, only four comparisons fail to include the "no developmental difference" hypothesis within the 95% confidence error bars, and in each case, infant log C/L values are lower than adult log C/L values, indicating slightly better color vision (normalized to the luminance threshold) for infants, not adults. This occurs when the psychophysical adult data of Banks et al. are compared with their infant VEP data. It also occurs when the psychophysical data from the Morrone et al. (1993) adult, which are shown in the original article without error bars, are compared with the VEP infant data of Morrone et al. (1990) . The significant difference occurs only around age 3.5 months in that data set. Finally, the difference is significant in the present experiment when the infant data are compared to adult data which were obtained using tasks that require the subject to ._o 1.01 '~ 0.5 °° 1
• "~--0.5 -1.0 o 2 4 6 8 infant age (months) FIGURE 8. The difference between the logarithms of the C/L threshold ratios of infants and adults. Values above zero indicate that adults are more sensitive to color relative to their sensitivity to luminance; values below zero indicate that infants are relatively more sensitive to color. The symbols are keyed to Fig. 6 . O, infant OKN and adult psychophysical detection data from the present experiment; E], infant OKN and adult 2AFC detection data; • .'displaced rightward for clarity), infant OKN and adult DOM discrimination data; O (displaced leftward for clarity), infant and adult OKN data; A, infant and adult VEP data from Allen et al. (1993) ; A (displaced leftward for clarity), infant VEP data and adult psychophysical detection data from Allen et al. (1993) ; A, infant and adult VEP data from Morrone et al. (1990 Morrone et al. ( , 1993 ; /~ (displaced leftward for clarity), infant VEP data and adult psychophysical detection data from Morrone et al. (1990 Morrone et al. ( , 1993 . The error bars are the 95% confidence intervals, which are calculated from the standard error of the difference between the log C/L ratios shown in Fig. 6 . In the case of the &, the adult data are reported in Morrone et aL (1993) with no error bars; therefore, the SE of the infant data is used to calculate the confidence intervals, and no confidence interval is available for the youngest age group. When the error bars include the zero point, indicated by the horizontal line, infant and adult chromatic contrast thresholds, normalized to their respective luminance contrast thresholds, do not differ significantly.
discriminate the direction of motion of the gratings rather than to simply detect them. Why is the infant value of log C/L the same for VEP and OKN, whereas, the adult data show a different value of log C/L for the two methods? And, why are the infant data similar to the adult 2IFC data rather than to the adult OKN DOM discrimination data? The immediate cause of this difference in log C/L ratio is the fact that, in the adult chromatic threshold data, OKN thresholds are similar to DOM discrimination thresholds (see Expt II), and show relatively poor chromatic discrimination, whereas adult VEP thresholds are similar to psychophysical 2IFC detection thresholds (Allen et al., 1993) , and show relatively good chromatic discrimination. This is in contrast to adult luminance thresholds, which are :similar by all techniques (see Expt II and Norcia et al., 1990) . In adult color vision, it is known that the difference between detection and DOM discrimination th:resholds for colored gratings is restricted to low temporal frequencies. Above about 10Hz, the adult chromatic contrast threshold is the same for simple detection and DOM discrimination (Derrington & Henning, 1993) , whereas below 10 Hz, chromatic DOM discrimination threshold is selectively impaired. This is interesting because it suggests that, for chromatic gratings at 0.3 c/deg, 2.5 Hz is a low temporal frequency for adults (producing poor chromatic DOM discrimination and OKN thresholds and a high log C/L threshold ratio for both DOM and OKN). However, 2.5 Hz may be a high temporal frequency for infants (producing an identical log C/L threshold ratio for all techniques). Unfortunately, the temporal CSF on infants is not well-understood (]Regal, 1981; Swanson & Birch, 1990; Hartmann & Banks, 1992; Teller, Lindsey, Mar, Succop & Mahal, 1992 ), so it is not possible to definitively evaluate this idea at this time.
Another possible explanation is that infant direction discrimination is only limited by their ability to detect the stimuli. Perhaps chromatic and luminance contrast detection have to improve considerably before limitations on chromatic contrast threshold based on direction discrimination become evident.
The comparison with VEP data is interesting because VEP records show color vision at an age when psychophysical data do not compare Morrone et al. (1990) and Allen et al. (1993) , with the FPL data reviewed in Brown (1990) , and the OKN data of Teller and Lindsey (1993a, b) ; but, also see Adams et al. (1994) ]. The fact that the ratio between infant luminance and chromatic thresholds is essentially the same for the VEP and OKN techniques suggests that the difference between the two methods is in the overall sensitivity of the methods to contrast, whereas the distal color mechanisms of infants revealed by the two methods are similarly sensitive. Therefore, it seems likely that the VEP method does not reveal any distal color mechanisms to be present in infancy that the OKN method shows to be absent; rather, the difference thai: exists may be due to proximal factors that reduce overall OKN sensitivity but not VEP sensitivity. A detailed discussion of these factors can be found in the Discussion of Brown (1994) . In that report, it was argued that the poor contrast sensitivity of infants is mostly due to the much larger amount of intrinsic contrast noise in infant vision as compared to adult vision. To the extent that infants' poor color vision is due to their poor contrast sensitivity, the large amount of intrinsic contrast noise in the infant visual system is also a satisfying explanation for poor infant color vision.
